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Abstract

The coupled gas-phase chemical kinetics and

fluid mechanics in a vertical reactor for high pres-

sure vapor transport (HPVT) of compound semi-

conductors are modeled. The modehng is for the
"growth of II-W-V_ chalcopyrite Zr_GeP2 and ad-

dresses the flow of dense phosphorus gas at 3.5

atmospheric pressure. The mathematica_ model

for transport processes is described by conser-

vation of mass, momentum, energy, and mass

transfer equations; in addition, buoyancy effects

are included in the model through the gravita-

tional term in the momentum equation• The

complete model incorporates multiple species,

thermal diffusion effects, and gas-phase chemical

reactions.Calculations of fluid/thermoche'mical

data such as density, viscosity) thermal conduc-

ti;'ity, heat capacity, mass.diffusion coefficients,

rate constants and activation energies of the

gas reactions are discussed. Numerical res,dts

of a 2-D, steady, ax/-symmetrical flow are pre-

sented using a finite element discretization with

non-uniform, rectangular elements. The numer-

ical simulations were performed to study the

effects of gravitational-induced buoyancy-driven

convection flows in HPVT crystal growth.

"This work was supported by National Aeronauticl

and Space Administration gr_nt #NAGW-2865.

: scroggs _wave.math.ncsu.edu

1 Introduction

Non-Linear opticalinteractionsin birefringent

materials find applicationsin phase-matched

harmonic generationand frequency mixing. In

particular,ZnGeP2) which ha_ a high non-linear

susceptibilitycoefficient,ha_ been used forman-

ufacturing frequency agileinfrared lasersand

second harmonic generation (SHG) of infrared

(CO_ laser)radiation.TypicalJy,thesematerials

have been processedusing bulk crystalgrowth

techniques (solidification);however, there are

severalshortcomings to thisprocessingmethod.

Namely, residualabsorption within its trans-

parency range due to impuritiesand nativede-

fectslimitsthe performance a.udlowersthe laser

damage thresholdof ZnGeP2 non-linearopti-

cal devicesthat axe builtwith bulk singlecrys-

tals,thusin-planenon-linearinteractionsin high

qualityheteroepitaxialrE.msbecome am attrac-

tive alternative. In addition,heteroepita._cial

structuresgenerMly provideforgreaterbeam co-

herency lengthsthan achievablewith bulk single

crystals.

Fluid dynamics ].imitationsto the uniformity

of depositionand etching processeshave been

overcome by operating at low vapor densities.

However, some of the most important applica-

tionspertainto infraredlasersourceswhich re-

quire _m thick films. This mandates epita.x-

ial depositionat rateshigher than those which



can be achieved at low densities.Because the

controlof fluiddynanaJcsis essentialfor pro-

cessesoperating at high flows or vapor densi-

ties,advanced methods ofmathematical model-

ing,optimization,and controltheorywillbe ap-

pliedto guide the experimentalimplementation

of thesesprocesses.We addressthe application-

driven researchto develop mathematical mod-

elsbased on gas-dynamics equations which ac-

curatelydescribegas flow and depositionpro-

cessesfor HPVT reactorsand state-of-the-art

computational algorithms to constructoptimal

controlsynthesisforregulationofepitaxialdepo-

sitionprocessoperatingat h_gh vapor densities.

The firststagein thisprocessisthe development

of robust and accurate (numerical) simulations

of the dominant physica_ phenomenon governing
the fluid dynamics as presented here.

We have previously discussed the thermo-

chemical properties of ZnGeP2 taking into ac-

count all thermodynamical data ava£1able [4].
These calculations allow a prediction of the com-

position and the densities of the vapor phase, of

_vhich are needed as input data for modeling the

gas flow dynamics and heat transfer of HPVT.

In addition, calculations related to the activation

energies and rate constants of the reactions

e4= 2P2

were alsopresented,in thismanuscript we help

complete the listofnecessaryparameters by pre-

senting a detaileddiscussionof calculationsof

mass diffusioncoefficients.Studies have also

been made concerning the choicesthat need to

be made in the thermal boundary conditionsto

6ptimize the vapor transport from the source

and to establishuniform flOWat the surfaceof

the substrate[1]. In addition to the parameter

studies, a more rigorous approach to the opti-

,real design and control has been taken. In [7]
the shape optimization problem with respect to

the geometry of the reactor and a boundary tem-

perature control problem were formulated. The

material and shape derivatives of solutions to

the Boussinesq approximation were derived. Op-

timaJJty conditions and a numerical optimiza-

tion method based on the augmented Lagrangian
method were developed for boundary control of

Boussinesq flow. Numerical calculations in [6] in-
dicated the effectiveness of temperature control

through a portionofthe boundary forimproving

the verticaltransportof flowin the cavity.

This paper addressesthe issueof a reduction

in the convectiveeffectsby growing the mate-

rim under reduced gravity(mJcrogravity)condi-

tions.Numerical calculationsof the flowdynam-

icsshow a formation of _dditionalvorticesand

an incre_e in the flow velocityu one changes

from microgravity(i/1000- g) conditionto ter-

restrialgravitationalfield.Our preiJminar qua/-• ,_ .. Y
ita_ve comparlsmn with experiments at 1 g in-

dicatethat numerical simulationscan correctly

describephysicalphenomena occuringin HPVT

reactor.However, more rigoroustestsare needed

to confidentlyvalidatenumerical experiments.

2 HPVT Experiment

A modified Scholz geometry ampoule wa_ used

forthe growth experimentsof Zr_GeP2. A cross

sectionofthe growth flowareaisdepictedin Fig.

1. The sourcematerialand the growing crysta2

are hermeticallysealedin fused silicaampoule

(with verticalheightof8.3cm and maximum ra-

dialwidth of 2.3cm) thatislocatedin a furnace

A ring-shapedboosterheaterat the sourceper-

nits itsheatingto a temperature above thatof

the outer cylindricalsurface.Connected to the

centerof the ampoule isa fused silicatube, ter-

minating ina fiatfusedsilicawindow, from which

heat can be extractedin a controlledmanner by

a jetof nitrogengaJ directedonto itsouter sur-

face.Due to the lower temperature at thiswin-

dow, the ZnGeP_ transportcan be modeled via

evaporationfrom the hot source and condenses

on the cooledwindow. The top dome surfaceof

the ampoule can be eitherheated to the same

temperature as the sidefacesby use of a closed

furnacelineror be keptcoolerthan the sidefaces

by anotherjetofnitrogenonto itsouter surface.

HPVT experiments have been conducted for

ZnGeP_ in thisampoule and in conventional

horizontalquartz tubes. Thus far,the largest

crystalshave been obtahned in horizontalam.

pou/eswhere the ZnGeP_ transportfluxwa_ of

the order 5 x 10-8 mole/m_sec at 1300K and

1-ga I4].
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Figure 1: Schematic of the growth section of the

Scholz-type geometry ampoule
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3 Mathematical Formulation

3.1 Description of Model

The mathematical model for the transport phe-

nomena involved in the HPVT process couples

the usual gasdynamic equations (conservation of

mass, momentum and energy) with an equation

for the effects of species diffusion. However, since

the film growth rate is slow compared to the

gas-phase dynamics, the gas flow can be accu-

rately modeled even ifthe deposition isnot cou-

pled with the flow. The flow is assumed to be

a steady-state flow. We also assume that the

flow is laminar, Newtonian, and as.i-symmetric

(i.e.allfieldquantities are independent of 0 and

ue = 0). These simplified equations in cylindri-

cal coordinates are:

Mass

pr'_,.) + pu,) = O.
?

Here w, u,, p, g, T, c, and R_ are radial and

axial velocities,pressure, gravity, temperature,

species concentration (expressed as mass frac-

tion) of the i'th specie, and chemical reaxtion

rate, respectively. In the above formulation we

assume that the fluid is compressible and that

the density vaxies with temperature and species

concentration, but is independent of pressure.

That is the density isrepresented in the form

#0[i - Br(T - To)]
p= N-Ii + E=1 (MN/M. - 1)c_

where Po, To are reference values, _T is the coef-

ficient of volumetric expansion associated with

temperature variations, M. is the molecular

weight of the n'th component, and the compo-

nent N is considered to be the carrier gas. Fi-

nally,/_ is the (dynamic) viscosity, k is coefficient

of heat conductivity, c_ is the specific heat, and

al is the mass diffusion coefficient.

It should be noted that currently the buoy-

ancy force arising from density variations was

429



included in the momentum equation as the term

(P- Po)g. Future modeling efforts will include

thermal (Sorer) diffusion of the species since this

effect is expected to be significant with the large

spatial temperature variations of this experiment

(see e.g. [8] and the references given therein).

The boundary condition's used in our numeri-

cal experiments are:

no slip except along the axis of symmetry
where u_ = 0 and us is free;

experimentally measured wall temperature

profiles; that is, constant T = 1298°K along

most of the boundary except for the follow-

ing two locations: (i) T is a piecewise cu-

bic Hermite interpolant that satisfies T(z =

.043) = 1348°K at the top of the trough,

and T(z = .043 ± .01825) = 1298°K; in ad-

dition, (5) along the bottom of the ampoule,

where the substrate is cooled by helium, T =

1223°K for 0 < r < .0057, and T is a Linear

function satisfying T(r = .0057) = 1223°K

and T(r = .0092) = 1298°K;

zero flux of reactants except at the source
where mass concentrations are constant.

Note that the temperature boundary conditions

are applied on the outside of the quartz cham-

ber, and that the no-sUp and flux boundary con-

ditions are applied on the inside of the chamber.

3.2 Parameters

As discussed earlier, a melt of .the compounds

was used as the source for vapor phase growth.

However, heating of ZnGeP2 in an evacuated,

closed system causes thermal decomposition of

the material. We determine the vapor phase

composition of ZnGeP2 at the melting point,

T = 1295 ° K, via Gibbs free energy minimiza-

tion techniques (see [4, 3]) and the result is sum-
marized in Table 1.

From the data in Table 1, we concluded that

the gas phase is dominated by /'4 (and some

P2) gas. Based on this, the numerical exper-

iraents use the assumption that the gas phase

Gaz Density Pressure

Species mole/cm s bar

P4 7.61 x 10 -s 2.77

P2 1.05 x 10-s 3.81 x 10-1

Zn 6.27 x 10-6 2.28 x 10-1

Ge 4.47 x 10 -is 1.63 x 10 -s

Total 9.29 x 10 -s 3.38

Table 1: Contents of gas pha_e at 1295 ° K

consists of only /'4 and P2. In a_idition, the val-

ues in Table 1 pro.vide us the weights used to de-

termine the fluid dynamic properties with data

taken from [9]. Thus, we use P0 = 4.0629 kg/m s

and T = 1300 ° K for the terence density and tem-

perature,/_ = 2.699x 10-s m2/s for the viscosity,
k = 2.301 x 10 -2 J/m - s - K for the coefficient

of' heat conduction, and c_ = 600.7 J/kg- K.

And for the values used in boundary conditions

for mass concentrations at the source we em-

ployed 0.9372 for P4 and 0.0628 for />2. Based

on data from Table 1, we also assume that the

mean operating pressure is 3.5 arm. It should

be noted that in this model the transport prop-

erties are constant. However, when there is a"

large variation in temperature these properties

undergo significant changes during the flow and

should be accounted for in any realistic growth
simulation.

The mass diffusivity ax for binary mixtures is

computed from the Chapman-Enskog theory [2].
For gaseous state at low density, the formula for

al is given by

+

pa_2fi12
(i)

in which T = 1300 ° K, M1 = 123.880 is the

mass concentration of P4, M2 = 61.940 is the

mass concentration of P2, and p = 3.5 arm. The

Lennard-Jones parameter a12 is computed as the

average of the Lennard-Jones parameters of/>4

L3o



and P2:
1

o o

where ap2 = 3.03 A mad ap4 = 4.90 A [5].

FinaLly, f/12 is a dimensionless function of the

temperature and of the intermolecular potential

field for one molecule of P2 and one molecule of

P4. From [2], this potential field can be approx-

imated by the Lennard-Jones function:

In our calculations, we compute the potential en-

ergy function by Linear interpolation ([2], Table

B-2). This function is given as a function of

Tk/el_ where

k P2 P4"

Using (_)p2 = 653°K and (_) E:,, = 711°K (from

[9]) gives Tk/e12 = 1.9079 and from ([2], Table

B-2) we then obtain f112 = 1.0924. Substitution

of the foregoing values into equation (1) gives

el = 2.2550 x 10 "s

4 Numerical Results

The coupled gasdynamic equations from §3.1

were solved numerically with the above men-

tioned boundary conditions using a finite-

element code FIDAP with nonuniform, rectangu-

lar elements. The computations were performed

on an IBM R2SC/6000 model 340 and the CPU

times for a typical 2D case (15,500 unknows)

were 3-5 hours. We have compared the numerical

results of coarse grids to fine grids and they axe

differed by less than 1%. Therefore, we are confi-

dent that the transport phenomena obtained be-

low are resolved.

Numerical experiments were performed to

study the effectsofgr_,vitationally-inducedbuoy-

ancy driven convection flows on the qual.ityof

the crystalgrowth. In the following flow calcula-

tions, the Reynold number is 5.56. In addition,

the Prandtl number is2.86 and the Grashofnum-

her is7.24 × 102, thus itis reasonable to expect

the flow to be time-independent.
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Figure 2: Vel. and Temp. at 1/1000 gravity of

sea level
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In Fig. 2, we show an overlay of the temper-

ature contours with the velocity fields at 1/1000

sea levelgravity.In thisfigure,we have a maxi-

mum velocityof 0.1828x 10-I cm/s, maximum

_able 2: Scales

A 1229

B 1242

C 1254

D 1267

E 1279

F 1292

G 1304

H 1317

I 1329

J 1342

for temperature contours

nulax sourceregionand downward laminar flow

overthe substratesurface.

An overlayof the temperature contours with

the velocityfieldsat 1/10 sea levelgravityare

depicted in Fig. 3. In this figure,we have

a maximum velocityof .8868 cm/s, maximum

temperature equals 1348°K, minimum temper-

at'_rreequals 1223°K and the temperature con-

tourswith scalegiven in Table 2. Here, we ob-

servethe formulationof s third convectiveroll

near the top plug which could help explain the

occurenceof small crystallitesobserved in that

axesin our physicalexperiments.A compaxison

of the 1/10-g and 1/1000-g casesin thisstudy

indicatesthat the buoyancy effectsaxe,indeed,

suppressedin microgravitycondition.The sub-

tledifferencesbetween the Ig and #g casesand

how they may be important in HPVT processes

willbe the subjectof futurestudy.
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